All sequences described in this paper can be downloaded. RNA-seq data from the Hiseq2000 sequencer have been submitted to the GEO repository. They are assigned under the accession number GSE81616.5.

Introduction {#sec001}
============

The nutritional quality of milk depends on its composition, and particularly its fatty acid fraction. Modulating the composition of cow\'s milk is of considerable value since it can have an effect on consumer health. Some fatty acids, such as saturated fatty acids, have been shown to have potentially negative effects on consumer health if eaten in excess, whereas others (e.g. oleic acid, conjugated linoleic acid) have positive effects \[[@pone.0185511.ref001]\]. Ruminant milk fatty acids can change significantly in response to diet \[[@pone.0185511.ref002]\]. Nutritional strategies have therefore been developed through dietary supplementation with plant oils or seeds in order to improve the nutritional value of milk \[[@pone.0185511.ref002]\]. Milk fat synthesis and secretion involve numerous genes whose expression can be modulated by nutrition \[[@pone.0185511.ref003]--[@pone.0185511.ref007]\]. MicroRNAs (miRNAs), small non-coding RNA with 18--25 nucleotides, are known to be involved in many and various cellular processes \[[@pone.0185511.ref008]--[@pone.0185511.ref010]\]. They regulate gene expression at the post-transcriptional level by binding to their target mRNA through a base-pairing interaction, mainly inducing translational repression or mRNA degradation \[[@pone.0185511.ref011]\]. The regulation and function of miRNAs in the mammary gland remain poorly documented, so to gain a clearer understanding of their expression in this organ and their function, profiles have been developed using high throughput sequencing. Several authors have established reference lists of miRNA expressed in the mammary gland of different species, such as human \[[@pone.0185511.ref012]\], mouse \[[@pone.0185511.ref013]\], rat \[[@pone.0185511.ref014]\], pig \[[@pone.0185511.ref015]\], cow \[[@pone.0185511.ref013],[@pone.0185511.ref016],[@pone.0185511.ref017]\] or goat \[[@pone.0185511.ref018]--[@pone.0185511.ref021]\]. Recently, *in vitro* studies reported that certain miRNAs, such as *miR-101a* \[[@pone.0185511.ref022]\] and *miR-126-3p* \[[@pone.0185511.ref023]\], regulate the proliferation of mammary epithelial cells or, such as *miR-206* \[[@pone.0185511.ref024]\], impact the development of this organ. In addition, some miRNAs have been reported to be involved in the lactation function, such as *miR-15a* whose over-expression in bovine mammary epithelial cells has been shown to inhibit the expression of beta-casein (*CSN2*), which codes for a major milk protein \[[@pone.0185511.ref025]\]. Moreover, miRNAs have been evidenced as key regulators of lipid synthesis in various cell lines \[[@pone.0185511.ref026]\] and tissues \[[@pone.0185511.ref027]--[@pone.0185511.ref029]\]. In milk lipid synthesis, few studies have indicated their implication \[[@pone.0185511.ref030]--[@pone.0185511.ref032]\]. The over-expression of *miR-27a* or *miR-103* in goat mammary epithelial cells led to a change in fat droplet and triglyceride accumulation, lowered the unsaturated/saturated fatty acids ratio and markedly affected the expression of genes associated with lipid metabolism \[[@pone.0185511.ref033], [@pone.0185511.ref034]\]. *In vivo* context, studies have shown that the over-expression of *miR-30b* in the mouse mammary gland affects the lipid droplet formation \[[@pone.0185511.ref035]\]. Taken together, these findings suggest that miRNA may play an important role in mammary gland physiology and function and in milk component synthesis and secretion.

Recent data have suggested that bioactive food components (micro- and macronutrients) affect the expression profile or function of miRNAs \[[@pone.0185511.ref036]--[@pone.0185511.ref040]\]. For example, in the retroperitoneal adipose tissue of mice, conjugated linoleic acid treatment modified the expression of *miR-103*, *miR-107*, *miR-143*, *miR-221* and *miR-222*, and their expression was correlated with genes that were strongly expressed in adipocytes and related to lipid metabolism \[[@pone.0185511.ref041]\]. In ruminants, few studies have investigated the impact of nutrition on miRNA expression. Romao and colleagues showed that the expression of eight miRNAs in the backfat and perirenal fat of steers was strongly influenced by a high fat diet \[[@pone.0185511.ref042]\]. More recently, the expression of 11 miRNAs in the subcutaneous and visceral adipose tissues of lambs was reported to be affected by a change to algae meal from flax oil \[[@pone.0185511.ref043]\]. Very few data are available on the nutritional regulation of miRNA expression in the mammary gland. An initial nutrigenomics study has reported a modification to the expression of 30 miRNAs by a food restriction in lactating goats \[[@pone.0185511.ref044]\]. Very recently, Li and colleagues \[[@pone.0185511.ref045]\] showed that the expression of 14 and 22 miRNAs, in the mammary gland of lactating cows, was affected by linseed and safflower treatments, respectively.

So to gain a clearer understanding of how gene expression in the mammary gland is regulated in response to a diet challenge, the present study aimed to identify miRNAs whose expression was affected by sunflower oil supplementation in lactating cows in relation with transcriptomic data. Thus, we had previously designed an experiment to determine the impact of adding whole and intact rapeseed to a high forage diet, as well as adding sunflower oil to a low forage diet \[[@pone.0185511.ref046]\]. Only the sunflower supplementation produced a change to gene expression in the mammary gland of cows, associated with an increase of milk production and a decrease of protein and fat content and with greater amplitude of milk composition responses when compared to rapeseed supplementation \[[@pone.0185511.ref046]\]. Therefore, this diet was selected in order to obtain an overview of the nutritional regulation of milk component biosynthesis by investigating miRNA expression. Two miRNAs, down-regulated by the sunflower oil supplementation, are predicted to target differentially expressed genes previously identified in the same trial. Among their putative targets, *ELOVL6* gene involved in lipid metabolism, has been studied. However, when these miRNAs were transfected to have an over-expression into a bovine mammary epithelial cell line *in vitro*, there was no effect on *ELOVL6* mRNA levels.

Materials and methods {#sec002}
=====================

Ethics statement and animals {#sec003}
----------------------------

For this study we used samples from an animal experimentation performed at the experimental unit of INRA Research Center of Theix. At the time of the animal experimentation, we did not require to submit each animal trail to ethical committee, we strictly followed the institute's own severe recommendations of the Animal Care as well as that of the Ethics Committee for Animal Experimentation of the region of Auvergne (CEMEAA number 02). All mammary biopsies, which were the only chirurgical act, were performed with relevant national legislation and were done by an accredited person (N° of certification: 63--20). All collected samples have been previously described \[[@pone.0185511.ref013], [@pone.0185511.ref046]\]. The present study was designed to identify miRNAs whose expression in the cow mammary gland is modulated by sunflower oil supplementation using a high throughput technology. Eleven healthy (standard milk yield (20.7 ± 1.6 kg per day) and without mastitis symptom) multiparous Holstein cows at peak lactation (116.3 ± 8.3 days postpartum at the beginning of the experiment) were offered two experimental diets. The cows were divided into 2 groups based on the homogeneity of their milk yield, age (1,111 ± 55 days) and parity (1.1± 0.3). The eleven cows receiving the two (LF and LF-SO) diets allowing that each cow can be its control. The cows were housed in stalls with free access to water. Each feeding period lasted for 28 days, divided into the first 7 days for treatment adaptation, and the latter 21 days when the cows were fed one of the experimental diets. The diets were: (1) a natural grass hay-based diet plus a mixture of concentrates to obtain an approximate forage-to-concentrate ratio of 46:54, referred to as the "low forage" (LF), and (2) the same LF diet plus 4 g/100g dry matter of sunflower oil (Huilerie de Lapalisse, Lapalisse, France) instead of corn grain (LF-SO). The sunflower oil was mixed and distributed with the forage. The effect of the sunflower oil supplementation on milk product and composition were previously described \[[@pone.0185511.ref046]\]. Mammary tissues were sampled from the cows at the end of the experimental period by biopsies of the upper one-third of the posterior area of one udder, using the method developed by Farr *et al*. \[[@pone.0185511.ref047]\]. Approximately 500 mg of mammary tissue were removed and then rinsed in a 0.9% sterile saline solution, inspected to verify tissue homogeneity and snap-frozen in liquid nitrogen.

Cell transfection {#sec004}
-----------------

BME-UV1 cells from a mammary epithelial cell line were originally isolated from the mammary gland of a lactating Holstein cow by Zavizion *et al*. \[[@pone.0185511.ref048]\]. The cells were grown at 37°C under 5% CO2 in a monolayer on plastic culture flasks and in a growth medium described by Zavizion *et al*. \[[@pone.0185511.ref048]\]. The medium was changed every 48h. To achieve transfection, confluent cells grown in a monolayer were trypsinized with Trypsin-0.25% Ethylenediaminetetraacetic acid (EDTA) and plated in 24-well plate at a rate of 50,000 cells per well. On the following day, 10 pmol of mirVana™ mimic (*hsa-miR-20a-5p*, assay ID MC10057 and *bta-miR-142-5p*, assay ID MC10404) was transfected in triplicate for 24h in the BME-UV1 cells using Lipofectamine® RNAiMAX Reagent (ThermoFisher), according to the manufacturer's instructions. The mirVana™ miRNA mimic *miR-1-3p* (Ambion™) was used as a positive control and its target TWF1 was quantified to determine whether the mimic was active in the cells. To estimate the transfection rate, the BLOCK-iT™ Alexa Fluor® Red Fluorescent Control (Ambion™) was used on the same plate. Cells were cultured on glass coverslips and transfections were performed at the same time. The cells on coverslips were fixed with 3% paraformaldehyde (freshly prepared in Phosphate buffered saline (PBS) from a 32% stock solution, EMS Hatfield) for 20 min. and maintained at 4°C in PBS until they were mounted on glass slides using VectaShield (Vector) containing DAPI. Images were acquired using a Leica confocal microscope, and cells from three images of three different coverslips were counted. The transfection experiments were repeated four times.

Isolation of RNA {#sec005}
----------------

RNA samples were prepared from 50 mg of mammary tissue using the Nucleospin® miRNA isolation kit (Machery-Nagel, Inc.) as reported by Le Guillou *et al*. \[[@pone.0185511.ref013]\]. The RNA were precipitated using 3M sodium acetate, 96% ethanol and 5 mg/mL glycogen. For RNA samples prepared from cell cultures, the cells were rinsed with PBS and then RNA were extracted using the RNA Now kit (Ozyme) according to the manufacturer's instructions and including overnight precipitation so as to guarantee a maximum yield of miRNA. The concentration and purity of RNA were estimated by spectrophotometry (NanodropTH, ND-1000).

Library preparation, sequencing and data processing {#sec006}
---------------------------------------------------

High throughput sequencing was performed on two LF and two LF-SO libraries. The RNA from two cows were pooled to generate each library. The pools were obtained using equal amounts (10 μg) of RNA extracted from the mammary tissues of two cows chosen randomly. The library preparation and sequencing techniques are described in Le Guillou *et al*. \[[@pone.0185511.ref013]\]. Briefly, libraries were prepared using the Illumina small RNA kit with RNA isolated from mammary gland, followed by sequencing on an Illumina HiSeq 2000 by GATC biotech Company (Next Gen Lab) according to the Solexa sequencing method. The RNA-seq data were then analysed mainly using miRDeep2 software \[[@pone.0185511.ref049]\] and described in Le Guillou *et al*. \[[@pone.0185511.ref013]\].

Reverse transcription and quantitative PCR {#sec007}
------------------------------------------

The reverse transcription of miRNA was performed on eight miRNA chosen according to their abundance in high throughput sequencing data, their intra-group stability and their fold change ([S1 Table](#pone.0185511.s001){ref-type="supplementary-material"}): *miR-15a-5p* (TaqMan® ID 005892_mat, Applied Biosystems), *miR-17-5p* (TaqMan® ID 002308), *miR-20a-5p* (TaqMan® ID 00580), *miR-33a-3p* (TaqMan® ID Custom Assay), *miR-126-3p* (TaqMan® ID 008451_mat), *miR-142-5p* (TaqMan® ID 000465), *miR-181a-5p* (TaqMan® ID 000480), *miR-223-3p* (TaqMan® 002295). Reverse transcription and quantitative PCR (qPCR) were performed using the TaqMan® MicroRNA Reverse Transcription and TaqMan® Small RNA Assays (Applied Biosystems), respectively, as described in Mobuchon *et al*. \[[@pone.0185511.ref021]\].

For gene assays from cell cultures, reverse transcription was performed on 500 ng of total RNA using the SuperScript® VILO cDNA Synthesis kit according to the manufacturer's instructions (Invitrogen) and under the following conditions: 42°C for 60 min and 85°C for 5 min. Quantitative PCR runs were achieved using ABsolute Blue QPCR Mix, SYBR Green® (Thermo Scientific™) according to the manufacturer's instructions, on a Mastercycler Ep Realplex system (Eppendorf), under the following conditions: 95°C for 15 min, 45 cycles of 95°C for 15 sec and 60°C for 1 min, and a melting curve. The threshold cycles obtained for *ELOVL6* (F `5’-CAATATTTTCCCAGGGTTCTCC-3’` and R `5’-AGCTGCCCTTTCAAGAGTTG-3’`) and *TWF1* (F `5’-GGCATCCAAGCAAGTGAAGA-3’` and R `5’-GCTTCCTACACGACCCAATCA-3’`) were normalized with the values of *GAPDH* (GlycerAldehyde-3-Phosphate DeHydrogenase F `5’-ATGGTGAAGGTCGGAGTGAA-3’` and R `5’-ACGATGTCCACTTTGCCAGA-3’`), and the results were expressed as fold changes of threshold cycle (Ct) values relative to the control using the 2-ΔΔCt method \[[@pone.0185511.ref050]\].

Statistical analysis {#sec008}
--------------------

Statistical analysis to compare the miRNomes was performed using R version 3.0.1 (R Development Core Team, 2013) with the Bioconductor package DESeq2 \[[@pone.0185511.ref051]\], as described by Le Guillou *et al*. \[[@pone.0185511.ref013]\]. Data were filtered using the Bioconductor package HTSFilter \[[@pone.0185511.ref047]\]. This method aims to identify the threshold that maximizes the filtering similarity among biological replicates, or in other words that where most genes tend to have either normalized counts lower than or equal to the cut-off point in all samples (i.e. filtered genes) or higher than the cut-off point in at least one sample (i.e. non-filtered genes). This threshold value was found to be equal to 199. The p-values were adjusted for multiple testing using the Benjamini-Hochberg method \[[@pone.0185511.ref052]\], and those with an adjusted p-value \<0.1 were considered to be significant.

Quantitative PCR data were analysed with an ANOVA model using R for miRNA TaqMan® Assays. The model included the effects of diet and the random effects of animals. For gene assays, the data were analysed with a Mann-Whitney test using R version 3.0.1. Significance was also declared at a p-value p\<0.1.

miRNA targeted pathways {#sec009}
-----------------------

As seed regions are conserved between human and cattle for *miR-20a-5p* and *miR-142-5p*, putative targets for these miRNA were predicted with a high degree of accuracy based on DIANA-microT-CDS v5.0 \[[@pone.0185511.ref053]\].

Availability of data {#sec010}
--------------------

All milk production and composition data are already published and therefore available in Leroux et al. (2016) \[[@pone.0185511.ref046]\]. All sequences described in this paper can be downloaded. RNA-seq data from the Hiseq2000 sequencer have been submitted to the GEO repository. They are assigned under the accession number GSE81616.5.

Results {#sec011}
=======

Establishment of bovine mammary gland miRNomes {#sec012}
----------------------------------------------

Four libraries were constructed using RNA extracted from the mammary glands of lactating cows fed either a low forage (LF) diet (libraries LF1 and LF2) or the same diet supplemented with 4% sunflower oil (LF-SO, libraries LF-SO1 and LF-SO2) and sequenced using the Next Generation Sequencing (NGS) technology ([Table 1](#pone.0185511.t001){ref-type="table"}). More than 10 million raw reads were obtained for each library. After cleaning the reads (poly-A stretches and adaptors removed), between 77% and 94% of the raw reads were conserved in each library ([Table 1](#pone.0185511.t001){ref-type="table"}). On average, 10,175,799 and 8,578,397 of the size filtered reads (17--28 nucleotides) were mapped on the cow genome (UMD3.1.71) in the LF and LF-SO samples, respectively. Then, 104,286 and 86,752 unique sequences were obtained on average in the LF and LF-SO samples and were processed using miRDeep2 enabling the identification of 1,562 miRNAs.

10.1371/journal.pone.0185511.t001

###### Summary of sequencing data.

Cows received a low forage diet (LF) or the same diet supplemented with 4% of sunflower oil (LF-SO).

![](pone.0185511.t001){#pone.0185511.t001g}

                                                      LF           LF-SO                     
  --------------------------------------------------- ------------ ------------ ------------ ------------
  Raw reads                                           10,847,425   12,034,673   10,388,132   10,579,276
  Clean reads[^1^](#t001fn001){ref-type="table-fn"}   9,951,849    11,245,052   9,810,954    8,140,532
  *% relative to raw data*                            *91*.*7%*    *93*.*4%*    *94*.*4%*    *76*.*9%*
  Sized reads[^2^](#t001fn002){ref-type="table-fn"}   9,877,580    11,149,432   9,729,540    8,043,022
  *% relative to raw data*                            *91*.*1%*    *92*.*6%*    *93*.*7%*    *76%*
  Mapped reads                                        9,549,490    10,802,108   9,456,179    7,700,615
  *% relative to sized reads*                         *96*.*7%*    *96*.*9%*    *97*.*2%*    *95*.*7%*
  Unique sequence                                     97,136       111,437      85,543       87,971

^1^Poly A stretches and adaptos removed

^2^17-28nt size filtering

HTSFilter package \[[@pone.0185511.ref054]\] was applied to remove miRNA that appeared to generate an uninformative signal by identifying a filtering threshold that maximizes so-called filtering similarity among replicates. After this filter, the number of miRNAs was reduced to 272 (Supplementary [S1 Table](#pone.0185511.s001){ref-type="supplementary-material"}). Among these, 18 were predicted miRNAs which were not identified in any species and thus may be considered as potential novel miRNA \[[@pone.0185511.ref013]\].

Variations in the bovine mammary gland miRNome as a function of sunflower oil supplementation {#sec013}
---------------------------------------------------------------------------------------------

This analysis enabled the ranking of miRNAs by their expression level and thus the ranking of their abundance under the two dietary conditions. Eight miRNAs (*miR-15a-5p*, *miR-17-5p*, *miR-20a-5p*, *miR-33a-3p*, *miR-126-3p*, *miR-181a-5p*, *miR-142-5p* and *miR-223-3p*; Supplementary [S1 Table](#pone.0185511.s001){ref-type="supplementary-material"}) were chosen for further study on the basis of their ranking and their function highlighted in the literature. Their expressions were analysed using qPCR on RNA samples used for sequencing analyses. The profiles obtained using the NGS and qPCR approaches agreed for all the miRNAs tested ([Fig 1](#pone.0185511.g001){ref-type="fig"}) despite different amplitude responses. However, with both techniques, the ranking of the expression of the eight selected miRNAs was conserved (data not shown). For example, *miR-126-3p* was the most frequently detected under both the NGS and qPCR approaches, while the expression of *miR-33a-3p* was lower with both techniques when compared to the other miRNA selected. Following the analysis on RNA pools, the expression of the eight miRNAs selected above were validated on a larger number (n = 11) of animals from the same nutritional trial, by RT-qPCR on each individual ([Fig 2](#pone.0185511.g002){ref-type="fig"}). Among the eight studied miRNAs, RT-qPCR validations confirmed that *miR-20a-5p* (p = 0.08) and *miR-142-5p* (p = 0.03) were significantly down-regulated by sunflower oil supplementation.

![Comparison of the expression of eight miRNA in mammary gland on 2 pools.\
The analyses were performed on 2 RNA pools from 2 cows received a LF or LF-SO diet obtained by qPCR and NGS approaches. Cows received a low forage diet (LF) or the same diet supplemented with 4% of sunflower oil (LF-SO), n = 2.](pone.0185511.g001){#pone.0185511.g001}

![Individual analysis of the expression of eight miRNA in mammary gland.\
RT-qPCR analyses were performed from 11 cow received a LF or LF-SO diet. Cows received a low forage diet (LF) or the same diet supplemented with 4% of sunflower oil (LF-SO). \*\*0.01\<p\<0.05, \*0.05\<p\<0.1, n = 11.](pone.0185511.g002){#pone.0185511.g002}

*miR-20a-5p* and *miR-142-5p* are predicted to target genes differentially expressed by sunflower oil {#sec014}
-----------------------------------------------------------------------------------------------------

In order to investigate the functional role of *miR-20a-5p* and *miR-142-5p*, computational applications were used to predict their targets. Among the hundred potential targets, some genes were involved in lipid metabolism ([Table 2](#pone.0185511.t002){ref-type="table"}) and in common regulatory pathways ([Fig 3](#pone.0185511.g003){ref-type="fig"}).

![Potential regulations through *miR-20a-5p* in milk fat metabolism.\
ABCA1: ATP-Binding Cassette subfamily A (ABC1) member1, BTN1A1: BuTyrophiliN subfamily 1, member A1, LPIN1: LiPIN1, PPARγ: Peroxisome Proliferator-Activated Receptor gamma, PPARGC1B: Peroxisome Proliferator-Activated Receptor Gamma Coactivator 1 Beta, SCD: Steroyl-CoA Desaturase, VLDLR: Very Low Density Lipoprotein Lipase Receptor.](pone.0185511.g003){#pone.0185511.g003}

10.1371/journal.pone.0185511.t002

###### Predicted targets of *miR-20a-5p* and *miR-142-5p* involved in the lipid metabolism.

![](pone.0185511.t002){#pone.0185511.t002g}

  miRNA          Gene symbol            Gene name
  -------------- ---------------------- -------------------------------------------------------------------------------
  *miR-20a-5p*   **ABCA1**              **ATP-Binding cassette, sub-family A (ABC1), member 1**
                 APOBEC4                Apolipoprotein B mRNA editing enzyme, catalytic polypeptide-like 4 (putative)
                 APP                    Amyloid beta (A4) precursor protein
                 BTN1A1                 Butyrophilin, subfamily 1, member 1
                 **ELOVL6**             **ELOVL fatty acid elongase 6**
                 LDLR                   Low density lipoprotein receptor
                 LPIN1                  Lipin 1
                 PPARA                  Peroxisome proliferator-activated receptor alpha
                 PPARG                  Peroxisome proliferator-activated receptor gamma
                 **PPARGC1B**           **Peroxisome proliferator-activated receptor gamma, coactivator 1 beta**
                 SCD5                   Steroyl-CoA desaturase
                 VLDLR                  Very low density lipoprotein receptor
  *miR-142-5p*   **ABCA1**              **ATP-Binding cassette, sub-family A (ABC1), member 1**
                 ACADL                  Acyl-CoA dehydrogenase, long chain
                 ACAT1                  Acetyl-CoA acetyltransferase 1
                 ACSL1,6                Acyl-CoA synthetase long-chain family member 1,6
                 **ELOVL**4, 5, **6**   **ELOVL fatty acid elongase 4,5,6**
                 LRP2, 4                Low density lipoprotein receptor related-protein 2, 4
                 **PPARGC1B**           **Peroxisome proliferator-activated receptor gamma, coactivator 1 beta**

miRNA's targets were predicted using Diana microT-CDS (<http://diana.imis.athena-innovation.gr/DianaTools/index.php?r=microT_CDS/>).

In bold, targets predicted for both miRNA.

Differently expressed genes (DEG) on the same samples had previously been detected using transcriptomic analyses \[[@pone.0185511.ref046]\]. The classification of DEG into functional categories (following Gene Ontology annotation) identified three classes of genes involved in metabolism contained 30% of the DEG, highlighting an effect of sunflower oil on mammary metabolism including the lipid metabolism. Putative targets of *miR-20-5p* and *miR-142-5p* among these DEG were investigated. Among the putative targets displaying inverse responses to treatment compared with miRNA data, nine DEG were highlighted ([Table 3](#pone.0185511.t003){ref-type="table"}). Down-regulated *miR-20a-5p* was found to potentially target eight up-regulated DEG (*ELK4* (ETS transcription factor), *ELOVL6* (fatty acid elongase 6), *ETV1* (ETS variant 1), *KDM6B* (lysine demethylase 6B), *KIAA1524*, *LONP2* (lon peptidase 2, peroxisomal), *M6PR* (mannose-6-phosphate receptor, cation dependent), *USP12* (ubiquitin specific peptidase 12)) in LF-SO cows and *miR-142-5p* was found to potentially target four up-regulated DEG (*ELK4*, *ELOVL6*, *ETV1*, *PIK3CD* (phosphatidylinositol 3-kinase catalytic delta polypeptide)). Both miRNAs potentially targeted *ELK4*, *ETV1* and, in particular, *ELOVL6* gene which encodes for fatty acid elongase, enzyme involved in lipid metabolism ([Fig 4](#pone.0185511.g004){ref-type="fig"}).

![Predicted binding site of *miR-20a-5p*, *miR-142-5p* and *miR-1-3p* in the 3'UTR of *ELOVL6*.\
Binding sites were predicted with Diana microT-CDS (<http://diana.imis.athena-innovation.gr/DianaTools/index.php?r=microT_CDS/>).](pone.0185511.g004){#pone.0185511.g004}

10.1371/journal.pone.0185511.t003

###### Predicted targets of *miR-20a-5p* and *miR-142-5p* among DEG previously identified by microarrays.

![](pone.0185511.t003){#pone.0185511.t003g}

  analyses \[[@pone.0185511.ref046]\]. *miRNA*   *Gene symbol*   Gene name                                                 Functional category
  ---------------------------------------------- --------------- --------------------------------------------------------- ----------------------------------------------------------------
  *miR-20a-5p*,                                  *ELK4*          ETS-domain protein                                        Replication/Transcription/Translation
  *miR-142-5p*                                                   (SRF accessory protein 1)                                 
  *miR-20a-5p*,                                  *ELOVL6*        ELOVL fatty acid elongase 6                               Cellular lipid metabolism & transport
  *miR-142-5p*                                                                                                             
  *miR-20a-5p*,                                  *ETV1*          ETS variant 1                                             Replication/Transcription/Translation
  *miR-142-5p*                                                                                                             
  *miR-20a-5p*                                   *KDM6B*         Lysine (K)-specific demethylase 6B                        Replication/Transcription/Translation
  *miR-20a-5p*                                   *KIAA1524*      KIAA1524 ortholog                                         Cell cycle,cell growth, proliferation, differentiation & death
  *miR-20a-5p*                                   *LONP2*         Lon peptidase 2n peroxisomal                              Cellular protein metabolism & transport
  *miR-20a-5p*                                   *M6PR*          Mannose-6-phophatase receptor (cation dependent)          Cellular carbohydrate metabolism & transport
  *miR-20a-5p*                                   *USP12*         Ubiquitin specific peptidase 12                           Cellular protein metabolism & transport
  *miR-142-5p*                                   *PIK3CD*        Phosphoinositide-3-kinase, catalytic, delta polypeptide   Immune, inflammatory and stress response

Impact of *miR-20a-5p* and *miR-142-5p* on the expression of *ELOVL6*, gene involved in lipid metabolism {#sec015}
--------------------------------------------------------------------------------------------------------

To investigate whether *miR-20a-5p* and/or *miR-142-5p* could regulate the expression of *ELOVL6* in mammary epithelial cells, miRNAs were over-expressed individually or together using miRNA mimics in culture bovine mammary epithelial monolayers (BME-UV1). The levels of *miR-20a-5p* and *miR-142-5p* were significantly increased in transfected cells when compared with mock-transfected cells ([Fig 5A](#pone.0185511.g005){ref-type="fig"}). To estimate the transfection rate, a siRNA labelled with an Alexa Fluor® dye was also transfected in BME-UV1 cells (data not shown). Counting transfected cells *versus* mock-transfected cells enabled to determine a mean transfection rate of 40%. To ensure that the mimics were functional in the cells and able to regulating their target, *miR-1-3p*, a miRNA that regulates the mRNA level of *TWF1* (twinfilin actin binding protein 1) was transfected too. A significant reduction in *TWF1* expression was found in BME-UV1 cells transfected with *miR-1-3p* when compared with mock-transfected cells (data not shown). *MiR-20a-5p* and *miR-142-5p* were transfected separately or together for 48h in BME-UV1 cells, and the expression of *ELOVL6* was quantified by RT-qPCR. No significant changes were obtained in cells transfected with *miR-20a-5p* and *miR-142-5p*, either separately or together ([Fig 5B](#pone.0185511.g005){ref-type="fig"}). Furthermore, three binding sites for *miR-1-3p* are also present in the 3'UTR of *ELOVL6* ([Fig 4](#pone.0185511.g004){ref-type="fig"}). To ensure the accessibility of *ELOVL6* 3'UTR, the expression of this gene was quantified in both mock-transfected cells and those transfected with *miR-1-3p* mimics. The results revealed a significant decrease of *ELOVL6* in cells transfected with *miR-1-3p* mimics when compared with mock-transfected cells ([Fig 5C](#pone.0185511.g005){ref-type="fig"}).

![Effect of *miR-20a-5p* and *miR-142-5p* over-expression on *ELOVL6* expression in BME-UV1 cells.\
(A) Levels of miR-20a-5p and miR-142-5p after transfection with miRNA mimics. Data were obtained by RT-qPCR, normalized regarding U6 values and represented as log10. ELOVL6 expression after transfection of miR-20a-5p and miR-142-5p (B) or miR-1-3p (C). Data were obtained by RT-qPCR, and normalized regarding to GAPDH values. Data are the mean of four transfection experiments. a, b:p\<0.01; \*\*:0.01\<p\<0.05, n = 12.](pone.0185511.g005){#pone.0185511.g005}

Discussion {#sec016}
==========

In order to better understand the regulation mechanisms underlying mammary gene expression in response to dietary factors, miRNomes from the mammary glands of cows receiving an LF-SO diet or LF diet were compared. The comparison of these miRNomes enabled identification of several miRNAs that displayed a trend to being up- or down-regulated in the miRNome from cows receiving the LF and LF-SO diets. Among these, eight miRNAs, chosen due to their ranking and their functions, were analysed using qPCR on the same RNA pools. In the same way as several other authors, we show a good correlation between the data obtained using the two different approaches \[[@pone.0185511.ref055], [@pone.0185511.ref056]\], an agreement which reinforced the value of our findings.

Then among the eight candidate miRNAs highlighted by the RNA sequencing study, it was confirmed, by RT-qPCR on samples from 11 cows (each cow receiving each diet), that the expression of *miR-20a-5p* and *miR-142-5p* was decreased by sunflower oil supplementation. The relatively small number of differentially expressed miRNAs in our study could be explained by the duration of the supplementation (21 days). Indeed, Karere *et al*. implemented a seven week challenge in 12 baboons and identified 28 miRNAs that were differentially affected in the liver by a high fat and high cholesterol diet \[[@pone.0185511.ref057]\]. Furthermore, Romao *et al*. characterized eight miRNAs that were differentially expressed in the adipose tissue of eight steers in response to receiving a high fat diet for 3.5 months \[[@pone.0185511.ref042]\]. However, a more recent study of 28 days of treatment highlighted 36 miRNAs in the lactating cow mammary miRNome whose expression was modulated by the addition of 5% linseed and 5% safflower oil \[[@pone.0185511.ref045]\] while no differences were observed after 7 days of treatment. The difference of duration between 21 and 28 days could not be sufficient to explain the difference in terms of the number of differentially expressed miRNAs, but could have been due to the diet used. Indeed, during our study we used two iso-energetic diets, whereas Li *et al*. used oil added to the control diets, leading to a difference in the energy value which could explain the more marked changes in miRNA expression \[[@pone.0185511.ref045]\]. In addition, we cannot exclude that the relatively small number of differentially expressed miRNAs in our study could be also explained by individual response variations of cows even if each cow was its own control and that we have compared, by RT-qPCR, eleven Holstein mid-lactation cows.

*MiR-20a-5p*, which was differentially expressed in our study, belongs to the *miR-17/92* cluster that has mainly been described for its function as an oncomiR, but is also important to cell cycle proliferation, apoptosis and other biological processes in several organs \[[@pone.0185511.ref058]\]. Although the response of *miR-20a-5p* to lipid supplementation has not yet been described, the change in the expression of *miR-142-5p* observed here is in line with previous reports regarding adipose tissues. Indeed, in the white adipose tissue of mice receiving a high fat diet for 5 months, *miR-142-5p* was significantly up-regulated when compared with the findings in control mice \[[@pone.0185511.ref059]\]. Furthermore, its expression was 2.5- and 2.8-fold higher, respectively, in the subcutaneous and visceral fat of lambs receiving 3% algae meal instead of flax oil and barley grain for 140 days \[[@pone.0185511.ref043]\]. In addition, a high fat diet given in the form of flaxseed to steers for 14 weeks led to 185-fold and 968-fold increases in *miR-142-5p* expression in subcutaneous and visceral adipose tissues, respectively \[[@pone.0185511.ref042]\]. Both our results and those obtained in adipose tissues suggest that the expression of *miR-142-5p* is strongly influenced by dietary lipids. The opposite variation of the expression observed in the two tissues could be due to the presence of a context of lipid storage in the adipose tissue and a context of lipid secretion in the mammary tissue.

The functions of *miR-20a-5p* and *miR-142-5p* have never been investigated in the mammary gland. Due to the nutritional influences of milk fat composition, in order to determine the effects of sunflower oil supplementation on lipid metabolism which was one of the biological process altered by sunflower oil supplementation \[[@pone.0185511.ref046]\], our attention focused on the predicted targets involved in this pathway. Among them, twenty-three predicted targets for *miR-20a-5p* and *miR-142-5p* have been identified, using DIANA software, which three were targeted by the two miRNAs. *MiR-20a-5p* may act i) on lipoprotein metabolism (by targeting *APOBEC4* (apolipoprotein B mRNA editing enzyme catalytic polypeptide like 4), *LDLR* (low density lipoprotein receptor) and *VLDLR* (very low density lipoprotein receptor)), ii) on fatty acid desaturation (by targeting *SCD5* (stearoyl-CoA desaturase 5)), and iii) on lipid secretion (by targeting *BTN1A1* (butyrophilin subfamily 1 member A1), a major constituent of the milk fat globule membrane). *LPIN1* (lipin 1) is also potentially targeted by *miR-20a-5p*. This gene is highly expressed in the cow mammary gland at peak lactation and is involved in triacylglycerol accumulation in adipose tissue \[[@pone.0185511.ref060]\]. In the mammary gland, its role is not yet clear but it could be involved in milk fat synthesis, notably because it is essential for *PPARα* (peroxisome proliferator activated receptor alpha) activation \[[@pone.0185511.ref061]\]. Members of the PPAR family such as *PPARα*, *PPARγ* and the co-activator *PPARGC1B* (peroxisome proliferative activated receptor, gamma, coactivator 1 beta), are known to be transcription factors involved in the control of genes coding for lipogenic enzymes, are targeted by *miR-142-5p*, and are predicted to be targeted by *miR-20a-5p* \[[@pone.0185511.ref062]\]. In addition, a direct interaction between *miR-20a-5p* and *PPARγ* has been confirmed using luciferase assay in Cos-7 cells \[[@pone.0185511.ref063]\]. *PPARγ* controls most of the genes involved in milk fat synthesis, such as *FASN* (fatty acid synthase), *ACACA* (acetyl-CoA carboxylase alpha), *SCD*, *ABCA1*, *BTN1A1* or *LPIN57* ([Fig 3](#pone.0185511.g003){ref-type="fig"}). Taken together, these predictions suggest a potential and crucial role for miR-20a-5p at different levels in milk fat synthesis and secretion.

Otherwise, *miR-142-5p* is also predicted to target two isoforms of the *ACSL* (acyl-CoA synthetase long-chain) enzyme ([Table 2](#pone.0185511.t002){ref-type="table"}). *ACSL1* has been shown to be the major isoform in the lactating bovine mammary gland \[[@pone.0185511.ref064]\], and it activates newly synthesized fatty acids before they can be metabolized or inserted into lipid droplets \[[@pone.0185511.ref065]\]. Consequently, *miR-20a-5p* and *miR-142-5p* may impact lipid metabolism in response to oil supplementation as a function of their putative targets.

Interestingly, among the predicted targets of *miR-20a-5p* and *miR-142-5p* are nine DEG previously identified in the same samples using previous transcriptomic analysis \[[@pone.0185511.ref046]\] ([Table 3](#pone.0185511.t003){ref-type="table"}). Both *miR-20a-5p* and *miR-142-5p* are predicted to target *ELK4* and *ETV1* which are known to be involved in replication, transcription and translation. *MiR-20a-5p* also potentially targets *KDM6B*, a demethylase illustrating a mutual regulation of two epigenetic processes \[[@pone.0185511.ref066]\]. miRNA and DNA methylation are the two epigenetic modifications that have emerged in recent years as the most critical players in the regulation of gene expression. Here, in response to oil supplementation, *miR-20a-5p* will be able to regulate DNA methylation by targeting a demethylase.

Among the nine DEG potentially targeted, four are involved in metabolism one of the biological process identified by transcriptomic analyses and in line with the milk production and milk composition (protein and lipid contents) changes. *LONP2* and *USP12* are part of protein metabolism, whereas *M6PR* plays a role in carbohydrate metabolism. Interestingly, both *miR-20a-5p* and *miR-142-5p* potentially target *ELOVL6*, a member of the family of fatty acid elongases \[[@pone.0185511.ref067]\], which are involved in lipid metabolism and were over-expressed in our LF-SO samples. It has previously been suggested that ruminant mammary tissue lacks elongases \[[@pone.0185511.ref068]\], but evidence has pointed to the presence of *ELOVL6* in the mammary gland of mice \[[@pone.0185511.ref069]--[@pone.0185511.ref071]\] as well as in lactating goat mammary gland \[[@pone.0185511.ref072]\]. Although its function in mammary gland has not yet been investigated, in the same way as in lipogenic tissues it may catalyze the elongation of saturated and monosaturated fatty acids with 12, 14 and 16 carbons \[[@pone.0185511.ref060]\]. Further studies are therefore necessary to decipher its role in mammary tissues. It can nevertheless be hypothesized that a weaker expression of *miR-20a-5p* and *miR-142-5p* may have contributed to the increased expression of *ELOVL6* in the mammary glands of cows receiving the LF-SO diet.

To evaluate the role of *miR-20a-5p* and *miR-142-5p*, these miRNAs were over-expressed in bovine mammary epithelial cell line. While miRNAs (alone or together) were highly expressed in transfected cells, they did not lead to a significant reduction in *ELOVL6* expression. However, the over-expression of *miR-1-3p*, which has three putative target sequences in *ELOVL6* 3'UTR, led to a significant reduction in the expression of *ELOVL6*, suggesting that the 3'UTR of this gene is available to miRNA regulation. We can hypothesize that the interaction predicted between *miR-20a-5p* and *miR-142-5p* in BME-UV1 cells does not occur or that the miRNAs affects the protein level. However, the *in vivo* down-regulation of *miR-20a-5p* and *miR-142-5p*, and the up-regulation of *ELOVL6*, were observed in a context of lactation, which was not reproduced in cultured cells where the cellular context may influence miRNA function \[[@pone.0185511.ref073]\]. Finally, *in vivo*, the link between this gene and these miRNA is perhaps indirect.

Our study thus confirms the effect of lipid supplementation on miRNA expression in the ruminant mammary gland, as observed recently by Li *et al*. \[[@pone.0185511.ref045]\]. Sunflower oil supplementation altered the expression of *miR-20a-5p* and *miR-142-5p*. These nutriregulated miRNAs potentially target DEG that had previously been identified in the same samples. However, we also showed that one of the DEG potentially targeted by these two miRNA, *ELOVL6*, is not regulated *in vitro*. Deciphering the function of these miRNAs in the mammary gland, and particularly their impact on nutriregulated genes, would be of considerable value to understanding the effects of diet on the regulation of milk synthesis and secretion. In further studies, the regulation of the miRNAs and their potential targets highlighted here will be characterized in other nutrigenomic experimentation to evaluate their involvement in diet modification in general.
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